The adsorption dynamics of a model protein (the human insulin) onto graphene surfaces with different sizes was investigated by molecular dynamics simulations. During the adsorption, it has different effect on the stability of the model protein in the fixed and non-fixed graphene systems. The tertiary structure of the protein was destroyed or partially destroyed, and graphene surfaces shows the selective protection for some α-helices in non-fixed systems but not in fixed systems by reason of the flexibility of graphene. As indicated by the interaction energy curve and trajectory animation, the conformation and orientation selection of the protein were induced by the properties and the texture of graphene surfaces. The knowledge of protein adsorption on graphene surfaces would be helpful to better understand stability of protein on graphene surfaces and facilitate potential applications of graphene in biotechnology.
I. INTRODUCTION
Graphene, a two-dimensional sheet of sp 2 -bonded carbon arranged in a honeycomb lattice [1] , is the thinnest known material in the universe and the strongest ever measured [2] . As the building block of fullerenes, carbon nanotubes (CNTs), and graphite, graphene features some interesting properties (electronic, mechanical properties etc.), which has attracted many research interests in the past few years. Recently, the sensor made from graphene or modified graphene has been found to have high sensitivity [3−5] . Schedin et al. proved that graphene-based gas sensors allow the ultimate sensitivity such that the adsorption of individual gas molecules could be detected [3] . Ang et al. [4] pointed out that the sensitive response of graphene to surface charge or ion density extends its applications in chemical sensors and solution-gated, ultrafast, ultralow noise biosensors [6−8] .
In addition, there are some experiments which have been made through covalent interactions between biomolecules and graphene. For example, Mohanty et al. fabricate a single-bacterium biodevice and labelfree DNA sensor on the basis of chemically modified graphenes (CMGs) [9] . These experiments greatly enhanced the understanding about the properties of † Part of the special issue for "the Chinese Chemical Society's 11th National Chemical Dynamics Symposium".
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graphene. Thus, there have been great expectations that graphene could be used in the field of biotechnology field in the future. Therefore, the stability and dynamics of proteins onto the surface of graphene is extremely important for better understanding its potential applications in biosensors. However, due to the limitation of current experimental methods, the interaction between peptide/protein and graphene has not been well understood. For example, the details of function, conformation and spatial orientation of proteins that are non-covalently adsorbed onto the graphene cannot be well explored by current experimental methods. Besides, the dynamics of the adsorption process and related stability, which is fundamental in the biological applications of graphene, is poorly understood via available experiments. For example, there are some articles indicated that the width of graphene nanoribbons (GNRs) has an additional effect on the electronic properties and the stability of GNRs [10−12] , but the effects of graphene sizes on the protein adsorption still remain unclear. Atomistic molecular simulation presents one of the most direct approaches to investigate the atomic details of the adsorbate-adsorbent surface interactions. It has been successfully used to explore the adsorption dynamics at the molecular level as well as address the effect of surface chemistry on the protein adsorption behaviors [13−15] . Recently, the adsorption and desorption behaviors of some proteins on the biomaterials surfaces have been studied by atomistic molecular simulations in our group [17−20] . All these simulations carried out by other groups and ours have proved that atomistic molecular simulation is powerful to explore the protein adsorption dynamics and protein-surface interactions.
In this study, insulin was employed as a model to investigate the adsorption behaviors and dynamics for proteins onto the graphene surface. The detection of insulin is of great important for clinical diagnostics, because it is bound up with diabetes and has great applications in clinical pharmacology [21] . Bioassay, immunoassay and chromatographic methods [22] are three main procedures for determination of insulin. Although immunoassay of insulin has been widely used for determination of insulin in biological specimens, non-specific binding with the coexistent biomolecules against antiinsulin antibody and cross reaction are the major interferences with the precise determination of insulin in biosamples [23] . Hence, it is pertinent to explore a simple and available detector for insulin detection in chromatographic instruments, and various chemically modified electrodes have been suggested for detection of insulin [24−27] . But the interaction between insulin and graphene which can be used a chemically modified electrode material has not been understood very well.
In this work, adsorption dynamics of insulin onto the graphene surfaces has been investigated by molecular dynamics (MD) simulations, and the effects of graphene sizes and its fixation on the protein adsorption were explored.
II. SIMULATION METHOD
All the MD simulations were performed by the NAMD program with CHARMM27 force field. The force field parameters of graphene were obtained from Ref. [28] , σ CC =3.85Å, ε CC =−0.439 kJ/mol. All the carbon atoms in graphene were set to be neutral. The parameters of Lennard-Jones potential for cross interactions between non-bonded atoms (e.g., grapheneprotein) were obtained from Lorentz-Berthelot combination rules.
The crystallography [29, 30] and NMR [31, 32] have produced a highly refined threedimensional model of the insulin structure. In this work, the X-ray structure of insulin was derived from protein data bank (ID=1ZEH). The protein comprising two chains named chain A (GIVEQCCTSIC-SLYQLENYCN) and chain B (FVNQHLCGSHLVEAL-YLVCGERGFFYTPKT) has three α-helices in its secondary structure, which are named A1, A2, and B1 as shown in Fig.1(a) displayed by visual molecular dynamics (VMD).
The three-dimensional size is 31.5Å×26.3Å×25.5Å. In these simulations, the systems are designed as: (i) Graphenes with different sizes are displayed in Fig.1(b) , in which the number of hexatomic rings is used to show the length index and width index by way of convenience.
(ii) Graphene fixed or not named fixed (F) and nonfixed (NF) respectively was studied. All the systems are displayed in Table I . All atoms including hydrogen were described explicitly in all the simulations. A time step of 1 fs was set and a cutoff of non-bonded van der Waals force was set with a switching function to start at a distance of 10Å and to reach zero at 12Å. Particle mesh Ewald (PME) summation was used to calculate the long-ranged electrostatic interactions, with a cutoff distance of 12Å for the separation of the direct and reciprocal space. Periodic boundary conditions were applied for all the simulations. Numbers of molecules, volume and temperature are constant.
The Langevin method was employed to control the constant temperature at 298 K. In all simulations, the graphene is parallel to x-y plane, namely z axis perpendicular to the graphene. These simulations were performed by the steps as: (i) Graphenes with different sizes were constructed. The insulin was placed closed to the surfaces of graphene and the minimum distance between insulin and graphene surfaces is 6Å. For the sake of comparing the difference in different sizes of graphenes, only one special orientation of protein was selected in order to explore the absorption dynamic features of protein onto the surfaces of graphene. The model protein was rotated to make its projection maximal in the x-y plane.
(ii) The initial configuration of insulin onto the surfaces of graphene before energy minimization and MD run was shown in Fig.1(c) . A 3×10 3 steps energy minimization was performed in the beginning. And all of them went through 10 ns MD until the root mean square deviation (RMSD) and the system's total energy fluctuated around a constant value. This indicates that a meta-stable state is reached. The main goal of this simulation focuses on evaluating the initial adsorption behavior and the dynamic features. Although the protein folding/unfolding events take place over time scales much longer than several nanoseconds, we can also get much important information through the MD simulations. In the MD simulation, the timedependent interaction E int (t) of all the systems are defined as:
here, the total interaction energy between insulin and graphene at time t during the MD simulation is shown by
, and E INS (t) stand for the total potential energy of graphene-insulin complex, potential energy of graphene, potential energy of insulin, respectively.
III. RESULTS AND DISCUSSION

A. Effective adsorption
The adsorption phenomena were found in all the simulations by observing the trajectory animation from VMD. In every simulation, insulin moved closer to the surfaces of graphene, going with the local rearrangement of protein which is closer to the surfaces of graphene. simulations. At the same time, the adsorption process accomplished with the configuration rearrangements due to the attraction of the surfaces and some of the residues are adsorbed onto the surfaces. The residues adsorbed by the surfaces could still be observed. It will be discussed in detail in the following.
B. Dimensional orientation and conformation of adsorbed residues
Partial graphs of the final conformation of adsorption protein and the adsorbed residues in the systems after 10 ns MD simulations have been shown in Fig.3 . The whole protein is displayed by a transparent cartoon model but only the atoms of the protein within 5Å (less than 5Å from the surfaces) are displayed by the licorice model for clarity in 5×26NF system, and in other systems only the residues less than 5Å from the surfaces are displayed for convenience. Obviously, the location of protein atoms in the vicinity of the surfaces of graphene have been rearranged, which indicates that the surfaces have the effective adsorption on protein. In Raffaini's simulations [14] about the interaction between graphite and protein, the interaction energy was plotted as a function of the number of residues less than 5Å from the surfaces and this function was well fitted. Though the protein was adsorbed on the surface of graphite in their simulation and on the surfaces of graphene in our simulation, graphene could be considered as one sheet of graphite. Moreover, in Gordillo's simulation [28] difference of the interaction between graphene and graphite is negligible by comparing the water adsorbed on graphite and graphene. So this distance is still a reasonable value to qualitatively estimate the strength of interaction between the protein and the surfaces of graphene, in other words, to qualitatively judge whether the residues were adsorbed to the surfaces.
The interaction energies between the model protein and graphene are listed in the Table II where the value of interaction energy of all the other NF systems is larger than the corresponding F system except 15×26 system. The interaction energy is an average value of interaction between protein and graphene in meta-stable state. With the help of simulation trajectory animation and the number of adsorption residues, the adsorption of the model protein on the surfaces of graphene is found to be a two-way selection process to get larger interaction energy in the NF system. It is especially obvious in the parochial system just like 3×26NF system because the width of graphene is smaller than the width of insulin. The model protein and graphene need greater deformation to keep more stable, so the value of interaction energy in 3×26NF system is larger than that in 3×26F system. It is visible that the conformation of protein violent changes in 3×26NF system are in accordance with the extra big value of RMSD in the follow- ing discussion. Likewise, this effect relatively becomes less pronounced as the width and length of graphene is larger than the model protein. There is an opposite result in 15×26 system, and obviously, the number of the adsorption residues in 15×26F system is more than that in the 15×26NF system. Generally, the value of the interaction energy between graphene and model protein will be larger with the bigger graphene.
In the final state, the phenyl rings in both systems adopt orientations that are parallel to the surface. In this orientation, the contact area of the phenyl ring to the surfaces is maximal, and thus it achieves maximum interaction with the graphene. In addition to the van der Waals attraction and hydrophobic interaction between the phenyl ring and the surfaces, the π-π stacking is also a key factor that drives phenyl to this orientation. It is in accordance with Rajesh's result about the interaction between aromatic amino acid and graphene [33] . In our model, the carbon atoms are neutral, but polar and charged residue could also be adsorbed to the surfaces due to the van der Waals attractive interaction. The polar residues like Asn18, Thr48 and charge residues like Lys50, Asp49 can be adsorbed onto the surfaces of graphene easily.
C. Dynamics of insulin adsorbed
The interaction energy between the model protein and the graphene in 10 ns MD simulations can be seen in Fig.4 . All energy curves decrease with the time growing, which show the effective interaction and the process is stepwise. The conformation and orientation of the residues attracted by the surface changed in the ad- sorption process, so the decrease of interaction is not linear, which is the same as Shen's simulation result of human serum albumin adsorbed by CNTs [34] . Actually, protein may overcome an energy barrier through the conformational change, which makes the residues gradually get closer to the surfaces of graphene and steady within 5Å from the surface. In addition, the residues which are adsorbed by graphene tend to adopt a stable conformation during the adsorption dynamic process. These dynamic features are the results that the whole protein tends to have maximum interaction with the surface.
D. Stability of insulin adsorbed
Partial charts of RMSD of the backbone atoms and α-helices A1, A2, B1 of the model protein are displayed in Fig.5 , respectively. Obviously, the conformation of protein has changed significantly, but the different systems can cause different changes in three α-helices. From  Fig.5 , RMSD fluctuates in some value respectively in the most systems in the later simulations, which shows that the systems are meta-stable. But the undulation of RMSD value is significant in 3×26NF while it is metastable from the energy curve. Bigger width of protein than graphene needs protein to adapt the width of graphene in order to get the maximum interaction. But the number and types of adsorption residues hardly change in the latest 2 ns. This phenomenon did not appear in the 3×26F system which is a fixed system. The analysis of protein secondary structure which is displayed in Table III indicates that A2 and B1 helices are destroyed in all NF systems but not in all F systems. It suggests that the change of graphene in adsorption 
The secondary structure is maintained. ×: Partly or totally destroyed.
dynamic process of protein may result in destruction of A1 and B1 helices. B1 helix is easy to destroy because of more aromatic amino residues adsorbed than other helices. A1 helix is not destroyed in all NF systems but not in all F systems, there is a hypothesis that the selectivity for protecting or destroying some secondary structures can be enhanced by reason of the flexible property of graphene. If some activity sites of protein are selectively protected, the stability of protein in the applying of biomaterials and biosensors will be greatly improved.
IV. CONCLUSION
The adsorption behaviors and stability of insulin on the surfaces of graphene with different sizes were investigated by molecular dynamics simulations. The normalized distances of the protein center-of-mass to the surfaces of graphene in fixed systems and the interactions between the protein and the surfaces in all systems confirm the effective attraction and the protein adsorption onto graphene. Besides non-polar residues, many polar and charged residues were also adsorbed on graphene surfaces due to the van der Waals interaction between these residues and the surface. The interaction between phenyl rings in the protein and graphene surfaces is stronger due to π-π stacking. The final conformation of protein is affected by the graphene sizes and whether the graphene was fixed. During the adsorption process, the tertiary structure of the protein was destroyed and the protein secondary structure was also affected by the systems, which may highly affect the bioactivity of the protein. The adsorption process of protein onto the graphene surfaces shows the selective protection for some α-helices in non-fixed systems but not in fixed systems by reason of the flexibility of graphene.
In addition, the sizes of graphene have an effect on the protein adsorption process. The width of graphenes has an effect on the protein adsorption process. It is especially obvious in the parochial system just like 3×26NF system because the width of graphene is smaller than the width of insulin. The interaction energy and the number of adsorption residues will increase as a function of the width of graphene when the size of graphene is smaller than protein. The number of adsorption residues is also more in length index of 40 than those in length index of 26. We would also like to point out, although atomistic molecular simulation provides direct approaches to investigate many atomic details of the protein-surface interactions, there are still many challenges in this kind of researches. For example, considering the long time scale of protein-surface interactions, more accurate statistical methods and numerical integrating methods [35, 36] should be introduced in the future. Our work could be helpful to understand proteinsurface interactions at the molecular level, thus these findings may be useful for research and applications in the fields of biomaterials and biosensors. 
